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Abstract. After incubation for 1 hr with 75Se-selenate, excised roots of Astragalus
crotalariae, a selenium-accumulating species, and A. lentiginosus, a nonaccumulator, had
absorbed radioactivity to levels well over the external concentration. About 98 % of the
radioactivity was ethanol-soluble, and when analyzed by column and paper chromatography
and by electrophoresis proved to be selenate. This and previous evidence shows an active
transport for selenate. Considerably less radioactivity was absorbed when 75Se-selenite was
supplied to the excised roots, and levels of the ethanol-soluble radioactivity did not exceed the
external concentration. A good deal of the radioactivity was ethanol-insoluble. Analysis of
the soluble radioactivity from both species showed appreciable conversion of selenite to other
forms.

Uptake of selenate by excised roots of Astragalus
species appears to involve an active transport system.
The evidence rests primarily on a marked accumula-
tion of radioactivity when roots are incubated with
Se-labeled selenate, on the effects of respiratory

inhibito,rs such as azide, dinitrophenol, and low
temperatures, and on the complete inhibition by
stul fate. a comnpetitive antagonist of selenate (15).
Roots inctubated witlh radioactive selenite also have
giveln an accumiiulation ratio greater thani one, but
evidence for an active transport of this ionl is unclear
because of siome apparent non-biological uptake (15).
Since selenate and selenite are both assimilable ions
(1, 9, 10, 11, 12, 16, 17), accunmulationi of selenium by
these roots could be either ani accumulation of the
ions against an electrochemical gradient or an accu-
mulation of seleno-metabolites whose synthesis is
energy dependent. The data presented here will
show that selenate can accumulate largely unchanged
in excised roots of 2 species of Astragaluts; much of
the selenite however, is changed into other selenium
comll)ounds or possibly adsorbed.

Materials and Methods

Preparationi a(id Growth of Seedlings. Tech-
ni(quies described earlier for the preparation and
growth of seedlings (15) were used in these 'experi-
ments but moldified as follows: after germination
in the dark for 2 days, (21-22°), the seedlings were
laterally illunminated before a bank of fluorescent
lights at an intensity of 4300 ft-c for 3 more days
(22-25°).

This research w-as supported by Public Health Re-
search Grant GM 09086 from the National Institutes of
Healtlh.

ion Absorption Procedure. The preparation of
root tips and the conditions for the uptake of selenate
and selenite were identical with the procedures de-
scribed earlier (15).

Fractionation of Radioactive Tissues. At the end
of thle uptake period, roots were blotted on filter
paper and weighed rapidly. For nleasurement of the
total radioactivity abs,orbed, roots were prepared as
described earlier (15). For measurement of the
ethanol insoluble fraction, the weighed roots were
suiccessively extracted with 70 % (v/v) ethanol 6 to
8 times until the radioactivity in the ethanol extract
was approximately 1 % of the radioactivity in the
first extraction. The acid digestion mixture was
slowly added to the extracted roots to avoid foaming,
and the extracted roots were digested as described
earlier (15). A precipitate which formed in the
digest of the ethanol-extracted roots had no effect
on the counts. Samples for total and ethanol-in-
soluble radioactivity were run in triplicate.

For biochemical analysis of soluble radioactive
components, weighed roots from 24 colanders were
pooled and extracted with 48 ml of 70 % ethanol.

Column Chromatography. The use of Dowex-1-
Cl coltumns for identification of selenite and selenate
has been described previously ( 12).

Paper Chromatographiy. XVhatman No. 1 was
used throughout. The following solvent systems
were used: No. 1, methanol-pvridine-water (85-4-15,
v/v); No. 2, n-butanol-glacial acetic water ('12-3-5,
v/v); No. 3. methanol-pyridine-water (1-1-1, v/v).

Paper Electrophoresis. Electrophoresis was car-
ried otut on Whatman No. 1 paper with a Gelman
electrophoresis apparatus. Acetate buffer, pH 5.4
was used at a voltage of about 300 volts. Th-e papers
were run for varying time periods. After the papers
were dried, they were either cut into 1 cm segments
and counted, or scainned with a Nuclear Chicago
Actigraph III Scaniner.
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Conlltingsy. Samples w%-ere counted in a Packard
Autogalmllma Spectromteter, series 410A at 405 Key
and 1 % winidowr width.

Results

A cC1.nn1i(ldtion of Selenlatc. The accumulation of
selenlilumll in excised root tips of 2 Astragalus species
after incubation wvitl 75Se-labeled K.,SeO, is sum-
marized in table I. Thotughl the conditions for
growth of the seedlings in tllese experiments were

somniew\\hat different fronm those inl prevTious experi-
mi,ents (15), the sanme plattern of seleniate uptake by
the 2 species wvas observed. Alnmost all of the
seleniiiuim taken tip by both species could be extracted
with ,70 % ethiaol.

The ethanol extracts (lerived from the 2 species
were alnalyzed directlI by Dowex-1-Cl colulninii chlro-
natography. Complete recoveries fronm columns
were obtained. A single imlajor peak. conitaining
98 % of th,e recovered radioactivity, emerged with
1.0 N HCI at the position of seleinate.

The 1.0 -N HCI peak was ly-ophilized anid then
analyzed by paper chromatography and H. V. paper
electrophoresis. The results are summarized in
table II. Onie comllponenit, selenalte, wN as identified.

Uptake of Scleciitc. Data for the tuptake of
75Se-seleniite are stmlmCilarized in table I. Compared
to selenate. muiiclh less selenite \vas taken til) by the

roots of the 2 species. This relationship w\',Is oh-

-erved(l il earlier exl)erilments, though tile total
aillouIilt of selenlite taken ulp and thlle acculmli tiont
ratios founlld at that timlie W\lee con siderahlv highter

(1) ''lle reasons for- tllese (liffer-enices are uill-
kno\\wn but are l)erhal)s attributable to the changes

in temil)eratuire and illumination that were mIade

dluring the germination and( growth of the seedlinlgs.
Ethianiol fractioniationi of thle ra(lioactive roots re-

vealed that both sl)ecies had coinvelrted appreciable

amilolints of selenite into all inisoltuble formi. This
conversion \vwis partictilarly evident in roots of

4. lent lqiioslOls, thle nonaccumulator, in wvhilch onlv

23 % of the total radioactivity that lhad been1 absorbed

remained soluble. Selenate by) contrast, was barely
converted inlto all insoluble forilm. These fildlilngs

are in keeping, ith those rel)orted for excise(d leaves

Table II. Paper (Chromiatoyroply1 iiid IIihli-Voltage
Papcr Electr-opliorcsis of Radioactive Peak
Eli(ted Fromii Dowex-1-Cl by 1.0 N HCl

High
voltage
electro-
phoresis

Paper chromatography Distance
Solvent Solvent Solvenit from

1 2 3 origin
Species

R,. vah(1cs (1-)1
, 1. len tigin0osu1s

Stanidard SeO4 0.52 0.02 0.66 9.4
1.0 N HCI peak 0.52 0.03 0.66 9.8

.A. crotalariac
Standard SeO4 0.48 0.04 0.61 6.0
1.0 N HCI peak 0.48 0.0; 0.63 5 7

of these plalits (12. 17) aind( for the duckweed,
Spirodela oligor-rhiz_a (1).

The Dowex-1-Cl elution patterns of the ethanol
extracts (Fig. 1) illtustrate that large proportions of
the soluible radioactivity lhad beeni coniverted to other
forms. A4. crotalar-iac, the accumulator species. in
l)articular, converted almost all of the soluble radio-
activity inlto a neutral or basic formii. Recovery
froml the coltllumni was approximately 93 The
neutral or l)asic l)eak contained 92 % of the recovered
ra(lioactivitv. Two smaller p)eaks also apl)eared.(l
hlle (1.1 N HCI peak at the position of selenite coii-

tamied 3.5 % of the recovered radioactivity, and the
1.0 N HCI peak Lat thle position of selenate conitained
2.3 %.

The elution plattern froom A. Icltiginiosu(s revealed
3 substantial peaks, tlle neutral or basic peak witl
19 % of the recovered radioactivitv, the 0.1 N HCI
peak with 51.4 %. and the 1.0 N HCl peak witlh
22.9 %. Total recovery froml the columlln was 86 %.
Low recoveries have been noted before ( 12); the
reason is unknown, but it is not likelv to be due to
volatilization of selenite. as w^ould occur witlh sulfite
under acid conditions, since selenite is stable in dilute
HCl ( 19, p 332).

Table I. Uputakc (of 7-SC-.sCleCn.ate alnd 7 >SC-sCleoite by, Excised Root 7ips
Excised root til)s ot . 1straoalius 'ere incubate(d ith K.,SeO. anid K.,SCO,, 0.01 nmole/mil, for 1 hr.

Seleinate Seleiiite
.. cer(tallariac .. Icltiginoss .-1. erItal0ariae .A. lentiginosuts

T'cotal Se absorbed 0.0742 0.227 0.0123 0.00741
( /Allloles/g fresh Nx-t-)

EtOH-soluble Se 0.0740 0.223 0.0100 0.00169
'unmoles/g fresh wt)
% soluble 99.7 98.2 81.3 22.8

Accumulationiratio 7.4 22.3 1.0 0.17
(soluble Se/externial Sc)
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FIG. 1. Dowex-1-Cl elutionl patterns of 70 % ethanol
extracts from excised roots of 2 .4stragalius species in-
cubated with 75Se-selenite.

Discussion

By all cturrently accepted criteria, tralil')ort of
seleniate inlto excise(d roots of 2 species of Astrhagals
is an active process. Tlle ioni accumulates against a
concenitratioin gradient, and its entry is sensitive to
respiratory and competitive inhibitors. In these
nmanv features, accumulation of selenate is comparable
to that of sulfate for which active transport has been
reported in the roots (2, 7) and leaves (4, 5) of
higher plants as well as in algae (6, 18).

The mlode of entry of selenite is not as clearcut.
Earlier sttudies showed inhibition b- azide, dinitro-
phenol and lox- temperature, but the percent inhibi-
tion wvas less than for selenate. Sulfate, which
completely eliminated selenate uptake. was partially
effectiv.e againist selenite ( 15); sulfate. howvever, is
a structtural anialogue of selenate, and not of selenite,
and the reason for its antagonism to selenite is not
unlderstood. In these earlier experiments an accu-
miiulation ratio greater than one was noted. Under
the conditions of the present experiments, however.
selenium failed to accumulate at levels higher than
the levels in the incubation medium. Uptake of
selenite, therefore, may be more dependent on experi-
mental conditions than is uptake of selenate.

Much of the selenite absorbed by the excised
roots of both species was changed into o,ther forms.
Appreciable selenium appeared in the ethanol-in-
soluble fraction; of the total ab5-orbed by A. cr o-
talariac, 19 % wvas insoluble; by A. lentiginosus,
77 %. These differences between the 2 species may

be significanit in viev of the suggestions recently
made by Peterson and Butler to account for the
ability of accumulator species of Astragalis and
other genera to tolerate suclh high internal levels of
seleniumii (9). According to their interpretation,
accumulator species shunit selenium into noni-toxic.
non-protein seleno-amiiino acids such as Se-methvl-
selenocvsteine and selenocN-stathionine: non-accumu-
lator plants, however. have not evolved this shunt
meclhanism, and sel,eniunm enters their proteins as
selenomethionine and selenocvsteine. This would
accounit for the sensitivity of nonaccunmtulator species
to the low concentrations of selenium wlhichl are
tolerated by accumulators unider experimental coIn-
ditionis (14).

The ethanol solutble radioactivitv fronm A. cl'-
talatriac treated witlh selenite contained almost no
selenite, as evident from the Dowex-1-Cl elution
pattern. Almost all of the radioactivity appeared as
a neutral or basic formi, very likely Se-methvlseleno-
cysteine, the amino acid identified as the major com-
ponent in leaves of this and other accumulator species
(12, 13). In A. lenitiginosuls, about 19 % of the
radioactivity in the ethanol extract emerged in the
neutral or basic fraction and probably contained
Se-nmetlhvlseleiionoethionine wvhich has been idlentified
in leaves of this nonaccumulator species (17).
About 51 % of the radioactivity al)l)eared at the
position of selenlite. although the components of thlis
peak haxve not been identified further.

In botlh A4. leitiginiosits and A. crotalariac a peak
emierged Nvith 1].0 N- HCl at the position of seleniate.
The peak wvas particularly large in A. icttiginiosuts,
amounting to 23 % of the recovered radioactivity.
Thoutghl the position in the column eluate is insuffi-
cient evidence for a conclusive identification, the
existence of this peak raises the possibility that these
tissues are able to oxidize selenite to selenate. It
must be pointed out, however, that noii-n-etabolic
reaction products are also possible, since selenite is
a reactive ion and has been shown to react with
sulfhvdrvl-containing metabolites such as cysteine.
glutathionine and coenzvme A to give rise to a
variety of seleno-derivatives (3).

The results of these studies show that uptake of
selenite differs from that of selenate. At this point
it cannot be said w%heth}er the initial stel) in entry of
selenite is metabolicallv dependent, or wvhether it
enters continuously by diffusion to be rapidly assim-
ilated into other forms by energy dependent reactions.
Uptake of selenate, by contrast, is clearly via active
transport. Such a mechanism is not restricted to
this selenium compound, however, but has also beell
demonstrated for selenomethioninie across the hanm-
ster intestine (8). Not only al-e cells able to en-
zymically assimilate selenium compounds, but an
active transport mechanism which is recognized as
the mode of entry for nmany nutrients operates for
several selenium compounds as well.
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